Numerous studies have revealed autonomic underarousal in conduct-disordered adolescents and antisocial adults. It is unknown, however, whether similar autonomic markers are present in at-risk preschoolers. In this study, the authors compared autonomic profiles of 4-to 6-year-old children with attention-deficit/hyperactivity disorder (ADHD) and oppositional defiant disorder (ODD; n ϭ 18) with those of age-matched controls (n ϭ 20). Children with ADHD and ODD exhibited fewer electrodermal responses and lengthened cardiac preejection periods at baseline and during reward. Although group differences were not found in baseline respiratory sinus arrhythmia, heart rate changes among ADHD and ODD participants were mediated exclusively by parasympathetic withdrawal, with no independent sympathetic contribution. Heart rate changes among controls were mediated by both autonomic branches. These results suggest that at-risk preschoolers are autonomically similar to older externalizing children.
Preschool symptoms of attention-deficit/hyperactivity disorder (ADHD) and oppositional defiant disorder (ODD) mark significant risk for more serious externalizing behaviors in middle childhood, including early onset conduct disorder (CD), delinquency, and aggression (Campbell, Shaw, & Gilliom, 2000) . In turn, children with early onset CD and ADHD are at risk for persistent criminality and antisocial behavior in adulthood (Lynam, 1996; Moffitt, 1993) .
Both CD in childhood and antisocial behavior in adulthood are marked by autonomic underarousal, including reduced electrodermal responding (EDR) and heart rate (HR; see McBurnett & Lahey, 1994; Scarpa & Raine, 1997) . Moreover, research with both elementary schoolchildren and adolescents has revealed reduced sympathetic-and parasympathetic-linked cardiac activity among probands with conduct problems (Beauchaine, 2003; Beauchaine, Katkin, Strassberg, & Snarr, 2001; Boyce et al., 2001) . Individual contributions of each autonomic branch to HR may have unique implications. Parasympathetic nervous system (PNS)-linked cardiac activity has been associated with emotion regulation capabilities (Porges, 1995) , whereas deficiencies in sympathetic nervous system (SNS)-linked cardiac activity have been associated with reward insensitivity Beauchaine, Gatzke-Kopp, & Mead, in press ).
Although EDR and cardiac activity and reactivity have been linked to temperament and empathy in normative samples of preschoolers (e.g., Fabes, Eisenberg, Karbon, Troyer, & Switzer, 1994; Fowles, Kochanska, & Murray, 2000) , associations between autonomic functioning and externalizing psychopathology have not been explored in preschool children at risk for CD by virtue of an ADHD and ODD diagnostic status. Doing so is important because the preschool years may represent a critical period during which developing noradrenergic, serotonergic, and dopaminergic systems that govern behavioral control are vulnerable to long-term changes in functioning (e.g., Bremner & Vermetten, 2001; Pine et al., 1996) . Attenuated EDR, which marks both serotonergic and noradrenergic dysregulation (Beauchaine, 2001) , is a consistent marker of antisocial behavior across development. Recently, Raine et al. (2001) reported that an enriched preschool environment that included instruction for teachers in behavioral management and weekly counseling sessions for parents conferred a 61% increase in electrodermal activity on children 6 -8 years later compared with controls who were assigned randomly to a no-treatment condition. These data suggest that long-term changes in biological systems implicated in impulsive and aggressive behavior can be effected through early intervention. It remains to be determined whether such effects obtain among children at risk for delinquency. Identifying autonomic markers of ADHD and ODD represents an initial step toward addressing this question.
In the present study, we compare a normal control group of preschoolers with a group at high risk for CD on a number of autonomic measures. The following hypotheses were explored. First, we predicted reduced baseline EDR in children with ADHD and ODD, consistent with data from older antisocial groups. Second, we hypothesized that the children in the ADHD and ODD group would exhibit (a) attenuated SNS-linked cardiac activity at baseline and (b) less SNS-linked cardiac reactivity during a reward task. Finally, we predicted attenuated PNS-linked cardiac activity among children with ADHD and ODD.
Method

Participants
After receiving institutional review board approval, we recruited 18 children with ADHD and ODD and 20 controls through ads placed in Seattle, Washington, newspapers and fliers posted at local preschools. All participating children were between the ages of 4 and 6 years, with 9 girls and 11 boys in the control group and 7 girls and 11 boys in the ADHD and ODD group, 2 (1, N ϭ38) ϭ 0.15, p Ͼ .70. The sample included 2 African American, 2 Asian American, 27 Caucasian, and 2 Latino children. The remaining 5 participants were of mixed racial and/or ethnic heritage. Additional descriptive statistics are provided in Table 1 .
Parents who responded to our ads (n ϭ 67) completed a computerized structured telephone interview administered by a trained research assistant. This interview lasted for about 20 min and incorporated portions of the Child Symptom Inventory (CSI; Gadow & Sprafkin, 1997) and the Child Behavior Checklist (CBCL; Achenbach, 1991) . The CSI provides dimensional scores and diagnostic cutoffs for several Diagnostic and Statistical Manual of Mental Disorders (4th ed.; DSM-IV; American Psychiatric Association, 2000) syndromes. Each symptom is assessed on a 4-point scale (0 ϭ never, 1 ϭ sometimes, 2 ϭ often, 3 ϭ very often), with a rating of 2 or higher considered positive for a diagnostic criterion. Parents completed the ADHD and ODD scales of the CSI. Parents also completed the Aggression, Attention Problems, and Anxious/Depressed subscales of the CBCL. Families were included in the experimental group if their child met DSM-IV criteria for ODD and ADHD (hyperactive-impulsive or combined subtype) and scored at or above the 98th percentile on the Attention Problems and Aggression subscales of the CBCL. Control group children were required to score below the 60th percentile on the CBCL scales and to exhibit no more than two symptoms of ADHD or ODD. Participants were excluded from both groups if they scored above the 60th percentile on the CBCL Anxious/Depressed subscale, because children with comorbid depression do not exhibit the same autonomic deficiencies as do children without internalizing symptoms.
1 Interviews were scored by computer, and parents of children who met inclusion criteria for either group were invited for a lab visit. A $75 monetary incentive was provided to the parent, in addition to a $10 toy reward for the participant child (see below). None of the recruited children were receiving stimulants. Scores on the CBCL and the CSI are reported in Table 1 . Among the ADHD participants, 4 met criteria for the hyperactive-impulsive subtype, and 14 met criteria for the combined subtype. Two potential ADHD participants were rejected due to elevated anxiety/depression scores, and 4 were rejected because they did not meet ODD criteria and/or did not score above the 98th percentile on the CBCL Aggression subscale.
Procedure
The 30-min protocol was conducted in a sound-attenuated room that we monitored with audio and video equipment. Patterns of cardiac and electrodermal activity were measured during a 5-min baseline, after which children played Perfection, a commercially available game designed for 4-to 7-year-olds that was used to elicit psychophysiological response patterns during reward. Children were required to place a number of shapes (e.g., stars, triangles) into corresponding holes before a spring-loaded platform ejected the pieces after 1 min. To increase the reward value of the game, we showed the children a large container of toys valued at about $10 each and told them that they could choose their favorite toy on successful completion of the game. After the game, all were given their chosen toy for "trying hard." Parents waited in the adjacent room with the experimenter.
Psychophysiological Measures
EDR. Skin conductance was recorded using a Grass 15LT Physiodata Amplifier System and a 15A12 DC amplifier (West Warwick, RI). The Note. All group differences are significant at p Ͻ .001. CSI scale scores represent the sum of dimensionalized symptoms (0 ϭ never through 3 ϭ very often). CSI symptom counts include the number of scale items endorsed at a level of 2 or higher (Gadow & Sprafkin, 1997) . CBCL data are expressed in T scores. ADHD ϭ attention-deficit/hyperactivity disorder; ODD ϭ oppositional defiant disorder; CSI ϭ Child Symptom Inventory; CBCL ϭ Child Behavior Checklist.
EDR signal was collected through two 0.8 cm 2 Ag-AgCl electrodes adhered to the thenar eminence of the child's nondominant hand. Parker Labs Signa Gel (Fairfield, NJ) was used as a medium. Nonspecific fluctuations in skin conductance responses (SCRs) exceeding 0.05 S were coded by a trained research assistant using Grass PolyVIEW software.
Cardiac preejection period (PEP). Sympathetic-linked cardiac activity was indexed by PEP, or the time elapsed between the electrocardiographic (ECG) Q wave and the impedance cardiographic (ICG) B wave. The validity of PEP as an index of sympathetic-linked cardiac activity has been established via pharmacologic (␤-adrenergic) blockade (see Sherwood et al., 1990) . ECG and ICG signals were recorded using Bio-Impedance Technology's AIM-8-V3 ambulatory impedance cardiograph (Chapel Hill, NC). The AIM-8 detects gross body movements, which can later be controlled statistically. Waveforms were collected using a spot electrode configuration (Qu, Zhang, Webster, & Tompkins, 1986) . PEP data were ensemble averaged in 30-s epochs using COP-WIN 5.05-H software (BioImpedance Technology, Inc., n.d.).
Respiratory sinus arrhythmia (RSA). Parasympathetic-linked cardiac activity was assessed via spectral analysis, using a software package developed by Richard Sloan and colleagues at Columbia University. Spectral analysis decomposes the heart rate variability time series into component frequencies using fast-Fourier transformations. High-frequency spectral power (Ͼ0.15 Hz) was extracted to measure RSA. The validity of RSA as an index of parasympathetic-linked cardiac activity has been established via pharmacologic (cholinergic) blockade (see Berntson et al., 1997) . Spectral densities were calculated in 30-s epochs and normalized using log transformations.
Results
Prior to calculating inferential statistics, we evaluated the distributions of all physiological variables to ensure that (a) analysis of variance (ANOVA) assumptions were met and (b) outliers would not affect analyses disproportionately. All skew (range ϭ Ϫ.33 to .34) and kurtosis (range ϭ Ϫ1.1 to .01) values were acceptable. Variables were then standardized and z scores were examined. Because the most extreme z score was 2.50, all raw data points were retained for inferential analyses.
Baseline Responding
Mean SCRs, PEPs, and spectral densities were calculated for the final 1 min of the 5-min baseline (two epochs total). Differences between ADHD and ODD participants and controls were assessed using separate 2 (group) ϫ 2 (epoch) repeated-measures ANOVAs for each physiological measure. Analyzing both the baseline and the task data in 30-s epochs allowed us to examine trends in responding within conditions. Analysis of gross body movements revealed no group difference, F(1, 36) ϭ 0.03, p Ͼ .86, 2 Ͻ .01. Thus, all comparisons at baseline were conducted without controlling for movement.
Descriptive statistics and group main effects for each psychophysiological measure at baseline appear in the top portion of Table 2 . Because few epoch effects or Group ϫ Epoch interactions were significant, reported means and standard deviations are av-2 Log transformations are typically used to normalize spectral analytic data and were not applied to correct for any distributional anomalies specific to this study. Respiration frequency data were also collected and scored for possible statistical control in calculations of RSA. Because no group difference in respiration rate was found, these data are not reported. eraged across epochs to conserve space. Because of equipment failure, baseline EDRs were missing for 1 control participant. As shown in Table 2 , ADHD and ODD participants exhibited significantly fewer baseline SCRs than controls did. Analyses of PEP data yielded a similar effect, with ADHD and ODD participants exhibiting longer PEPs than controls did. In contrast, no group difference was observed for RSA.
Perfection Task
Mean PEPs and spectral densities during the 1-min reward task were calculated within two 30-s epochs. Group differences were again assessed using a 2 (group) ϫ 2 (epoch) repeated-measures ANOVA. Once again, no difference in body movement was observed across groups, F(1, 36) ϭ 0.06, p Ͼ .82, 2 Ͻ .01. Thus, all comparisons during play of Perfection were conducted without controlling for movement.
Group main effects during play of Perfection are reported in the bottom portion of Table 2 . As with the baseline data, ADHD and ODD participants exhibited longer PEPs than controls did, yet no group effect was observed for RSA. Nevertheless, a significant epoch effect indicated reduced RSA for both groups during the second half of Perfection play compared with the first half, F(1, 36) ϭ 7.08, p ϭ .01, 2 ϭ .16. No other epoch effects or Group ϫ Epoch interactions were significant.
SNS and PNS Contributions to HR Change During Reward
To evaluate the independent contributions of the SNS and PNS to HR change during reward, we first assessed differences in HR between baseline and Perfection play using a 2 (group) ϫ 2 (baseline, Perfection) repeated-measures ANOVA. For this analysis, HR was averaged across the two baseline and the two game epochs. A significant trial effect indicated HR accelerated during reward for both groups, F(1, 36) ϭ 14.28, p Ͻ .001, 2 ϭ .28. However, no group difference in HR reactivity was observed, F(1, 36) ϭ 0.11, p Ͼ .75, 2 Ͻ .28. Averaged across epochs, HRs at baseline and during reward were 100.84 Ϯ 13.48 beats/min and 105.35 Ϯ 10.92 beats/min, respectively, for the ADHD and ODD group and 99.51 Ϯ 9.94 beats/min and 104.25 Ϯ 12.89 beats/min, respectively, for controls. Next, we examined partial correlation coefficients between HR change and both PEP change and RSA change for each group. These analyses enabled us to determine the independent contribution to HR change of the SNS while controlling for PNS influences and of the PNS while controlling for SNS influences. For the control group, both partial correlations were significant, indicating independent contributions to HR change from both the PNS, partial r ϭ Ϫ.46, p Ͻ .05, and the SNS, partial r ϭ Ϫ.64, p Ͻ .01. For ADHD and ODD participants, only the PNS made an independent contribution to HR change, partial r ϭ Ϫ.64, p Ͻ .01; the SNS did not, partial r ϭ .08, ns. The group difference in partial correlations describing SNS influences while controlling for PNS influences was significant, p ϭ .02, two-tailed.
Discussion
In this study, we tested the general hypothesis that preschool children with ADHD and ODD would show patterns of autonomic responding similar to those observed in older antisocial groups. Three specific hypotheses were explored. The first, that EDR would be attenuated in the ADHD and ODD group, was supported.
Reduced EDR therefore appears to mark impulsive and oppositional traits among preschoolers in the same manner it does among older children. In adolescent samples, we have shown that attenuated EDR accompanies hyperactive-impulsive ADHD even in the absence of comorbid oppositionality and conduct problems ). Thus, EDR may be a more specific marker of disinhibition than of oppositionality or aggression. Future studies of preschool children with pure ADHD will be required to confirm this in younger samples.
The second hypothesis, that SNS-linked cardiac activity would be attenuated in the ADHD and ODD group, was also supported. Children with ADHD and ODD exhibited lengthened PEPs at baseline and showed no independent SNS contribution to HR change during reward. We have argued elsewhere that during incentive conditions, SNS-linked cardiac activity serves as a peripheral marker of central nervous system reward sensitivity (Beauchaine, 2001; Beauchaine et al., 2001 ). The present findings are consistent with a reward insensitivity interpretation of ADHD and ODD, as are recent neuroimaging studies that have revealed underactivity in the striatum and its frontal projections among ADHD children with and without CD (e.g., Bush et al., 1999) . These brain regions are rich in dopaminergic neurons and have long been implicated in reward processing. Children with hypoactive reward systems may engage in reward-seeking behavior to up-regulate chronically suppressed dopaminergic neurotransmission. It is interesting to note that reduced striatal activity among ADHD probands is largely normalized by methylphenidate administration (Vaidya et al., 1998) .
The final hypothesis, that PNS-linked cardiac activity would be attenuated in the ADHD and ODD group, was not supported. Thus, an autonomic deficiency that has been observed in several studies of delinquent adolescents (e.g., Beauchaine et al., 2001; Mezzacappa et al., 1997) and has been linked to emotion dysregulation and lability was not observed in at-risk preschoolers. This may provide indirect support of theories suggesting that emotional lability is socialized within families of delinquent children and adults through repeated negative reinforcement of conflict (Snyder, Schrepferman, & St. Peter, 1997) . If future longitudinal studies support this conjecture, it will confirm that autonomic nervous system response patterns are malleable in young children.
Overall, these results (a) support the general hypothesis that children with ADHD and ODD are autonomically similar to older antisocial groups and (b) partially replicate findings from our previous research with adolescents with ADHD and CD. Although these findings are intriguing, additional research addressing the autonomic substrates of impulsivity among children at risk for antisocial behavior is needed. Although the present study is consistent with the reward insensitivity hypothesis, alternative interpretations cannot be ruled out. Because most of the ADHD group met criteria for the inattentive subtype, inattention could also be responsible for the group differences observed. Moreover, although both theory and empirical findings suggest that SNS-linked cardiac activity serves as a peripheral marker of reward sensitivity (e.g., Brenner, Beauchaine, & Sylvers, 2005) , the SNS differences observed between these two groups could have resulted from aspects of the task other than incentive. The Perfection task was also novel and potentially frustrating, which could have contributed to the differential response patterns found. Although analogue tasks used with older children implicate reward conditions more specifically (e.g., Beauchaine et al., 2001) , future studies should rule out the possibility that other task characteristics were responsible for the pattern of results found. One way to do this is to vary the size of rewards while holding other stimulus properties constant. The present study also excluded children with internalizing symptoms. Thus, our results only apply to preschool children without symptoms of depression and cannot be generalized to all children at risk for CD.
Finally, future research addressing endophenotypic risk for CD should also assess environmental risk factors and Biology ϫ Environment interactions across time. It is known that impulsive children fare worse than nonimpulsive children in high-risk contexts (e.g., Lynam et al., 2000) . Elucidating the specific mechanisms of such effects, both biological and social, will represent major scientific advancements.
